Colloidal PbS quantum dots (QDs) have been successfully employed as additives in halide perovskite solar cells (PSCs) acting as nucleation centers in the perovskite crystallization process. For this strategy, the surface functionalization of the QDs, controlled via the use of different capping ligands, is likely of key importance. In this work, we examine the influence of the PbS QD capping on the photovoltaic performance of methylammonium lead iodide PSCs. We test PSCs fabricated with PbS QD additives with different capping ligands including methylammonium lead iodide (MAPI), cesium lead iodide (CsPI) and 4-aminobenzoic acid (ABA). Both the presence of PbS QDs and the specific capping used have a significant effect on the properties of the deposited perovskite layer, which affects, in turn, the photovoltaic performance. For all capping ligands used, the inclusion of PbS QDs leads to the formation of perovskite films with larger grain size, improving, in addition, the crystalline preferential orientation and the crystallinity. Yet, differences between the capping agents were observed. The use of QDs with ABA capping had a higher impact on the morphological properties while the employment of the CsPI ligand was more effective in improving the optical properties of the perovskite films. Taking advantage of the improved properties, PSCs based on the perovskite films with embedded PbS QDs exhibit an enhanced photovoltaic performance, showing the highest increase with ABA capping. Moreover, bulk recombination via trap states is reduced when the ABA ligand is used for capping of the PbS QD additives in the perovskite film. We demonstrate how surface chemistry engineering of PbS QD additives in solution-processed perovskite films opens a new approach towards the design of high quality materials, paving the way to improved optoelectronic properties and more efficient photovoltaic devices.
Introduction
Lead halide perovskites (HPs) have attracted worldwide attention, predominantly due to the rapid progress in HP-based photovoltaics. The certied photoconversion efficiency (PCE) of halide perovskite solar cells (PSCs) has reached over 25% 1 in 2019, a staggering improvement on the already remarkable breakthrough in 2012 with PCEs of around 10%, rst reported for allsolid PSCs. 2, 3 The unprecedented quick progress in PCE of PSCs has been mainly attributed to the superb optoelectronic properties of HP materials such as high absorption coefficient and long carrier diffusion lengths. 4, 5 Besides, HPs have also been demonstrated as promising materials for light emitting diodes (LEDs), 6-8 photodetectors, 9 light ampliers 10, 11 and lasers. [12] [13] [14] A variety of approaches have been employed in the optimization process of PSCs, including the use of different device congurations 2, 15 and different HP materials. 16 The quality of the HP layer has also been improved in various ways including solvent, 17 compositional 18, 19 and interface engineering. 20, 21 Solution deposition techniques have been extensively used in the fabrication of PSCs. These solution methods also allow the easy combination of HPs with other materials, such as organic molecules, [22] [23] [24] polymers, [25] [26] [27] [28] [29] or colloidal quantum dots (QDs). 30, 31 The interaction between HPs and QDs can lead to interesting synergistic properties. 32, 33 In particular, the combination of PbS QDs and methylammonium lead iodide (MAPI) has been studied as both materials possess six-coordinated Pb atoms with similar Pb-Pb distances (6.26Å for MAPI and 5.97Å for PbS) and less than 4.6% lattice mismatch. 31 One recent report showed that with an appropriate amount of organically capped PbS QDs (mixture of oleic acid, oleylamine and trioctylphosphine), the properties of HP lm including morphological, optical and structural properties can be improved, increasing the PCE of PSCs from 16.3% for pure MAPI to 18.6% for hybrid HP-QD absorbers. 34 We showed that the interaction between HPs and PbS/CdS QDs capped with the MAPI ligand gives rise to a new light emission peak (either as photoluminescence or as electroluminescence) from an exciplex state at a lower bandgap than both HPs and PbS/CdS QDs. 30 Moreover, a positive effect of embedded QDs on HP morphology, with an increase of grain size, was also observed. 30, 34, 35 These studies demonstrated that a small amount of PbS QDs dispersed in the HP precursor solution can serve as effective seed-like nucleation centers, resulting in a better HP layer quality and improved optoelectronic properties. 34, 35 A similar effect on perovskite properties was also observed for the case of intermixing SnS QDs, capped with triethanolamine, with a MAPI perovskite, although the lattice mismatch between SnS and MAPI is higher. 36 In QD solar cells, the QD capping has a clear impact on the device performance. [37] [38] [39] Recently, HP precursors such as MAI 40 and lead mixed halides (PbI 2 + PbBr 2 ) 41 and HPs, such as MAPI 42 and CsPI, 43 have been used as the ligands of PbS QDs. The PCE of PbS QD solar cells has been improved, reaching over 11% for the lead mixed halide capping. 41 In addition, improvement of HP properties by QD incorporation was observed with several types of capping ligands, including organic molecules, 34, 36 and HP precursors (MAI 35 and MAPI). 30 The question of how the choice of ligand can also be exploited as a control mechanism for the structural and optoelectronic properties of HP and in turn the efficiency of the QD-containing PSCs is, nevertheless, still open.
In this work, ligands of the as-synthesized PbS QDs with an oleate (OA) capping were exchanged with three different ligands: MAPI, cesium lead iodide (CsPI) and 4-aminobenzoic acid (ABA), and then separately dispersed in a solution containing HP precursors (PbI 2 and MAI) at different concentrations. Hybrid HP-PbS QD lms were prepared via a one-step spin-coating method. 30 With a small amount of embedded PbS QDs, we observed an increase in HP grain sizes, reduction in non-radiative recombination, better preferential orientation and increased crystallinity of HPs for all three different ligands, with a more prominent effect for the ABA capping. Hybrid methylammonium lead iodide-PbS (HP-PbS) QD lms have been used in the fabrication of planar PSCs with SnO 2 as the electron selective layer. This is a very promising conguration for commercialization of PSCs as SnO 2 21 does not require high temperature treatments and the planar architecture presents advantages in terms of cost and environmental impact as compared with cells containing a mesoporous layer. 44 We observed that the use of small concentrations of PbS QDs in planar SnO 2 /HP-PbS/spiro-OMeTAD perovskite solar cells showed an increase in the PCE relative to reference cells without PbS QDs. More importantly, this had a signicant benecial effect on cell PCE, where the highest increase in PCE was obtained for ABA capping, with the champion cell exhibiting a PCE of 16.6%.
Experimental section

Synthesis of PbS QDs
PbS QDs were synthesized according to a previously reported procedure with some modications. 30 Briey, a three-neck round-bottom ask containing PbO (0.9 g), oleic acid (OA, 2.7 g) and 1-octadecene (ODE, 36 ml) was heated at 120 C under vacuum for 90 minutes. The temperature was raised to 150 C for 15 minutes to form Pb-oleate. Next, N 2 was introduced to the system and 3 ml of trioctylphosphine (90%) were injected. Subsequently, the temperature was reduced to 110 C. Then, a mixture of 0.42 ml hexamethyldisilathiane (HMDS) and 4 ml ODE was quickly injected into the ask. The temperature was then gradually decreased to room temperature. The reaction product was cleaned 3 times with ethanol/acetone (1 : 1, v/v), centrifuged (3000 rpm for 10 minutes) and dispersed in octane (10 mg ml À1 ). The photoluminescence (PL) and absorbance of the as-synthesized PbS QDs are presented in Fig. S1 . † The size of PbS QDs was estimated to be $3.5 nm, according to the literature 45
where d is the diameter of PbS QDs and E o is the energy of emitted photons at the peak of the PL spectrum.
PbS ligand exchange
Exchange with the methylammonium lead iodide (MAPI) ligand. The PbS ligand exchange of oleate (OA) with MAPI was performed following a previously reported procedure 30 with a small modication. 115 mg of PbI 2 and 40 mg of CH 3 NH 3 I (MAI) were dispersed in 1 ml of dimethylformamide (DMF), forming 0.25 M MAPI solution. Then, 0.5 ml of QDs dispersed in octane (10 mg ml À1 ) was added into 0.5 ml of 0.25 M MAPI solution. Aer stirring for 30 minutes, QDs had transferred from the top octane phase to the bottom DMF. Aer removing the octane, the QD solution was washed three more times using octane to remove the organic residue. Subsequently, the QDs were precipitated by the addition of toluene, and then centrifuged at 3500 rpm for 5 minutes. Aer removing all the liquid, QDs were dried under vacuum for several hours.
Exchange with the cesium lead iodine (CsPI) ligand. The process for the exchange of the oleate (OA) with the CsPI ligand was identical to that for the exchange with MAPI; however, 65 mg of CsI was used instead.
Exchange with the 4-aminobenzoic acid (ABA) ligand. 1 ml of 0.05 M ABA in DMF was diluted with 1 ml of absolute ethanol. Then 2 ml of PbS_OA QDs (2.5 mg ml À1 in octane) were added into the ABA solution. Similar to the case of the exchange with MAPI or CsPI, aer mixing ABA and PbS solutions and shaking the mixture for a few minutes, as a result of which phase transfer took place, the QDs had transferred to DMF, leading to a color change of the bottom phase from transparent to dark, and the opposite for the top phase (dark to transparent). PbS QDs were cleaned, precipitated, centrifuged and dried as described above. During the ligand exchange, PbS QDs were protected from light as much as possible.
To simplify, PbS QDs exchanged with MAPI, CsPI and ABA are hereaer termed PbS_MAPI, PbS_CsPI and PbS_ABA, respectively. with a UV (ultraviolet)-O 3 lamp for 15 minutes. The SnO 2 compact layer was prepared according to a previous report 46 with a small variation. 296 ml of commercial SnO 2 solution (tin(IV) oxide, 15% in H 2 O colloidal dispersion from Alfa Aesar) was diluted with 1.71 ml of ultrapure water. Then, 100 ml of this diluted SnO 2 solution was poured on an FTO substrate and spin-coated at 3000 rpm (acceleration of 3000 rpm) for 40 seconds. SnO 2 lms were annealed at 150 C for 30 minutes.
2.4. Perovskite (HP) and HP-PbS solution and lm preparation 1.33 M MAPI solution was prepared by dissolving 612 mg of PbI 2 and 211 mg of MAI in dimethyl sulfoxide (DMSO) at 70 C. Dried PbS QDs with different ligands were separately dispersed in 0.4 ml of 1.33 M MAPI solution. The amount of PbS QDs introduced in the ligand exchange was 5 mg for each exchange and we assumed that there was no loss of PbS QDs during the ligand exchange. Therefore, their concentration in 0.4 ml of MAPI solution was considered to be 12.5 mg ml À1 , which was used as the mother solution. The HP-PbS mother solutions were further diluted with 1.33 M MAPI solution to a weight concentration of PbS QDs of 50 and 100 mg ml À1 . The MAPI and MAPI-PbS lms were prepared by spin-coating 1.33 M MAPI solution without and with PbS QDs at 2000 rpm for 10 seconds (acceleration of 200 rpm) and then at 6000 rpm for 30 seconds (acceleration of 2000 rpm). Aer 25 seconds of spinning, ethyl acetate was poured on the lms. MAPI and MAPI-PbS lms were annealed at 130 C for 10 minutes. All solution and lm depositions were performed inside a glovebox lled with N 2 .
Spiro-OMeTAD and gold
Spiro-OMeTAD solution was prepared by dissolving 72.3 mg of spiro-OMeTAD (2,2 0 ,7,7 0 -tetrakis(N,N-di-pmethoxyphenylamine)-9,9-spirobiuorene) in 1 ml of chlorobenzene, and then mixing it with 28.8 ml of 4-tert-butylpyridine and 17.5 ml of a stock Li + solution (which contained 520 mg ml À1 bis-triuoromethylsulfonylamine lithium salt in acetonitrile). The spiro-OMeTAD layer was spin-coated on HP or HP-QD lms at 4000 rpm for 30 seconds (acceleration of 800 rpm). Finally, 80 nm of gold was thermally evaporated in an ultrahigh vacuum chamber on top of the spiro-OMeTAD layer to make complete devices.
Sample preparation for Fourier-transform infrared (FT-IR) measurement
ABA was dispersed in DMSO (38 mg ml À1 ). PbS_OA QDs were exchanged with the ABA capping ligand following the procedure listed above. Aer ligand exchange, PbS_ABA QDs were dried and dissolved in 0.6 ml of 1.33 M perovskite precursors (PbI 2 and MAI).
Characterization of samples in solution and lm
The morphology of the lms was analyzed by scanning electron microscopy (SEM) using a JSM7001F (eld emission scanning electron microscope). The absorbance spectrum of the as-synthesized PbS QDs (with the oleate ligand, PbS_OA) was measured using a Cary 500 Scan Varian UV-VIS-NIR spectrophotometer. The photoluminescence (PL) measurement of PbS_OA, PbS_MAPI, and PbS_CsPI QDs in solution was carried out using a CCD detector (InGaAs Andor-iDUS DU490A-2.2) coupled with an adaptive focus imaging spectrograph (Kymera KY-193i-B2). A commercial continuous laser (532 nm, GL532RM-150) was used as an excitation source. The PL spectra of PbS_ABA QDs in solution were measured using a Fluorolog system (Horiba Jobin Yvon) with a 532 nm excitation wavelength. PL spectra of MAPI and MAPI-PbS lms were also measured using the same Fluorolog system and excitation. For the PL measurement, a long-pass lter, 20CGA-590, was used in order to block the excitation source. A Bruker AXS-D4 Endeavor Advance X-ray diffractometer with Cu Ka radiation was used to measure the X-ray diffraction (XRD) spectra of MAPI and hybrid HP-PbS lms. Fourier-transform infrared absorption (FT-IR) was measured using an FT-IR 6200 spectrometer (Jasco) with an ATR Pro One (Jasco) equipped with a diamond crystal.
Device characterization
Photocurrent density-voltage (J-V) characteristics. The J-V curves of solar cells were measured under a xenon arc lamp simulator equipped with an AM 1.5 spectral lter (solar simulator 69920, Newport). The intensity was adjusted to provide 1 sun (100 mW cm À2 ) by using a calibrated silicon solar cell. The J-V characteristics were recorded by scanning the potential from higher than the open circuit voltage (V oc ) to À0.05 V (backward mode) at approximately 45 mV s À1 .
Incident photon to current efficiency (IPCE) measurements. The IPCE measurements were performed employing a 150 W xenon lamp coupled with a computer-controlled monochromator. The photocurrent was measured using an optical power meter (model 70310, Oriel Instruments). A Si photodiode was used to calibrate the system.
Results and discussion
The absorbance and PL spectra of the as-synthesized PbS QDs used in this work, with OA ligands, are shown in Fig. S1 . † As can be seen, the PL spectrum presents a fairly narrow peak, pointing to a relatively homogeneous distribution of QD sizes centered around a diameter of $3.5 nm (see the Experimental section). The OA ligands serve to control the size of QDs, to prevent their aggregation in the organic solution and to electronically passivate the QD surface. An important step to realize perovskite photovoltaic devices is exchanging these long chain ligands with short and polar ones, to favor the HP-PbS QD interaction and simultaneously make them soluble in DMF and DMSO, which are commonly employed to dissolve the HP precursors. This process allows us to overcome the solubility limitation, and to develop a one-step deposition process, providing the opportunity for intermixing of the PbS QDs during the growth of HP lm in a facile manner.
We selected MAPI and CsPI to serve as capping ligands of our PbS QDs for their implementation in PSCs since it was previously demonstrated that these capping ligands result in a high PCE in QD solar cells. 42, 43 Furthermore, 4-aminobenzoic acid (ABA) was chosen as a PbS QD capping agent as the benzoic acid group was shown to passivate the TiO 2 electron transport layer in PSCs, resulting in a more efficient electron extraction. 47 The PbS QD ligand exchange was done in solution, as described in the Experimental section. Briey, the as-synthesized PbS QDs with the OA ligand were dispersed in octane and the exchange ligands were separately dissolved in DMF. A phase separation was obtained aer mixing the QD and ligand solutions, with the dark phase (PbS_OA in octane) on top and the ligand in DMF at the bottom. Aer stirring/shaking the mixed solution, phase transfer took place, and PbS QDs were transferred to the bottom phase (see Fig. S2 † and the Experimental section for further details). Following ligand exchange with all of these three ligands, PbS QDs presented a redshi in PL. For MAPI and CsPI ligands, the redshi is probably due to a reduction of the degree of quantum connement due to the ligand shell (see Fig. S3 and Section 3 of the ESI †). For ABA, the redshi could result from aggregation of QDs (see Fig. S4 and Section 3 of the ESI †). Interestingly, in the presence of MAPI precursors, there was a change in the PL spectra, suggesting the interaction of CsPI and ABA ligands with MAPI precursors (see Fig. S3 and S4 and Section 3 of the ESI †). The Fourier-transform infrared measurement of the ABA based samples also pointed towards a similar conclusion (see Fig. S5 and Section 3 of the ESI †).
The introduction of small quantities of PbS QDs with different capping ligands clearly affects the properties of the HP lms. The grain sizes of HP increased slightly when PbS was introduced. Fig. 1 presents the histogram of HP grain size of HP lm without and with PbS QDs with different capping ligands, determined from SEM images at several places on the lms. Fig. S6 † presents the top view SEM images of HP lms without and with embedded PbS QDs (50 mg ml À1 ). The dispersion of the grain size of pure MAPI lm (HP, mean of 251 nm) is similar when PbS_CsPI was embedded. The average grain size increased slightly to 269 nm when PbS_MAPI was introduced and reached 283 nm ($14% increase) aer the incorporation of PbS_ABA (see Fig S7 † for the grain size estimation) .
The X-ray diffraction (XRD) spectra of HP and hybrid HP-PbS are shown in Fig. 2a and S8. † The tetragonal structural phase, with the (110) preferential orientation corresponding to the diffraction peak at 14.2 , was obtained for all samples. The net area of diffraction peaks increased, demonstrating an increase in crystallinity when PbS QDs were introduced (see Table 1 ). It is worth noting that the increase in crystallinity was obtained not only for the (110) crystalline plane with the diffraction peak at 14.2 but also for the (220) crystalline plane with the diffraction peak at 28.5 . The improvement in crystallinity is, nevertheless, dependent on the capping ligand of PbS QDs despite the similar QD concentration (50 mg ml À1 ) used for all HP + PbS samples (see Table 1 ). In addition, when PbS QDs were introduced in the lm, the HP precursors converted more efficiently to HP, conrmed by the smaller XRD intensity of the PbI 2 diffraction peak at 12.7 (see Fig. 2b ). Eventually, the analysis of the XRD spectra also indicates an increase of the (110) preferential orientation aer PbS QD addition, as indicated by the increase of the ratio of the intensity of this diffraction peak with respect to other peaks (see Fig. 2a ). 48 In addition to the improvement in the structural properties, the optical properties of the HP lms were also improved by the incorporation of PbS QDs. As shown in Fig. 2c , the photoluminescence (PL) intensity of HP lms with PbS_ABA or PbS_MAPI was doubled with respect to the reference lm, and it was tripled with PbS_CsPI QDs. This increase suggests that the intermixing of PbS QDs during the HP growth can reduce nonradiative recombination. In addition, the incorporation of a small quantity of PbS QDs did not induce any change in the optical gap of HP as no shi of PL peak position was observed for any of the hybrid lms (see Fig. 2d ). It is important to note that the increase in the PL was not due to the increase in the lm thickness as all samples presented a similar thickness of $ 330 nm (see Fig. S9 †) .
The improved morphological, structural and optical properties of the hybrid HP-PbS lms can be attributed to the QDs serving as nucleation sites, which assist the crystalline growth of perovskites along the preferred orientation with bigger grain sizes as has been pointed out in previous studies. [34] [35] [36] Additionally, we also detected the dependence of HP formation on the capping ligands of embedded PbS QDs at the same concentration. Distinctly bigger perovskite grain size was obtained for ABA capping (see Fig. 1 ), while the highest improvement in the photoluminescence and in the structural properties, in terms of preferential orientation and crystallinity, was achieved with the use of the CsPI ligand. Additionally, the incorporation of PbS resulted in a better HP conversion from precursors with respect to the reference lm, without QDs. However, the extent of HP conversion efficiency was also dependent on the capping ligands of PbS, with higher conversion for CsPI and ABA ligands (see Fig. 2b ). The origin of the dependence of hybrid HP-PbS lm quality on the PbS ligands is still unclear, and additional experiments would be needed to reveal the exact role of QD ligands in the formation of the hybrid lms.
Finally, we also tested the potential application of the hybrid HP-PbS QD lms in full solar cell devices. We selected a planar conguration, even though an improvement in PCE of HP solar cells by the incorporation of PbS QDs has been obtained in past experiments with a TiO 2 electron transport layer (ETL). The planar conguration was chosen since the alternative low temperature process SnO 2 layer 21,49 could reduce the fabrication cost and environmental impacts for future application of QDs in low-cost or large-area photovoltaics. [34] [35] [36] 44 Therefore, planar solar cells were fabricated following the structure FTO/SnO 2 /HP or HP-PbS/spiro-OMeTAD/Au. Fig. 3 and Table 2 present the statistical analysis of photovoltaic parameters of the fabricated devices.
Both the mean PCE of the PSCs and that of the champion cells were increased for all three capping ligands and for the two studied concentrations, except for the case of 50 mg ml À1 PbS_CsPI, where no signicant enhancement was observed. Fig. 4 presents the photocurrent-voltage curves of the best reference and the best hybrid solar cells. A performance improvement was achieved in all three photovoltaic parameters: open circuit voltage (V oc ), short circuit current density (J sc ) and ll factor (FF). However, the main improvement was related to the increase in FF. The improvement in performance also depends on the type of ligand for the same QD concentration. In the case of the CsPI ligand, the addition of PbS QDs slightly reduced the J sc from 19.8 to 19.6 mA cm À2 ; however, the V oc and FF were enhanced, resulting in an equal or increased PCE for the PbS concentrations of 50 and 100 mg ml À1 , respectively, while in the case of the two other ligands, MAPI and ABA, better device performance was obtained for both PbS QD concentrations. Among the different capping ligands used, ABA showed the highest improvement with an average PCE of 15.3% for a concentration of 50 mg ml À1 , an improvement of over 10% with respect to the reference cells (average PCE of 13.8%). A similar improvement was observed for the champion cell, with a PCE of 16.6% (see Fig. 4 ). The amelioration in solar cell performance obtained for the devices based on the hybrid HP-PbS absorbers resulted from the improvement in the lm quality including morphological, optical and structural properties.
A detailed analysis of the concentration effects suggests a decrease of performance for the higher concentration in the case of PbS_MAPI and PbS_ABA. The decrease of V oc also observed for the higher concentrations of MAPI and ABA capping ligands points to an increase of carrier recombination with the increase of QD concentration, as was previously observed. 50 Optimization of the QD concentration is crucial since the addition of PbS QDs also introduces recombination centers and consequently the benecial effect induced during the perovskite crystalline growth has to be properly balanced by the detrimental effect of an enhanced recombination.
The dependence of V oc on the incident light intensity of planar solar cells without and with PbS_ABA QDs is shown in Fig. 5 . As expected, for both cells the V oc increased linearly with the increase of the incident light intensity. An ideality factor, n, can be determined from the slope of this linear relation using the equation 51
where q, k, T and f are the elementary charge, Boltzmann's constant, absolute temperature and light intensity, respectively. The value of the ideality factor provides important clues about the recombination process in perovskite solar cells. 52 The calculated ideality of the reference cell was close to 2 (2.18), similar to reported ideality values for other MAPI perovskite based samples. 53 This value of ideality factor points to a recombination mechanism through a Shockley-Read-Hall (SRH) recombination. 52, 54 When PbS_ABA was added to the HP lm, the ideality factor was reduced to 1.56, revealing lower SRH bulk recombination, for which an ideality factor of 2 is expected, and a higher relative weight of surface recombination, for which an ideality factor of 1 is expected, pointing to a decrease of trap states in the bulk HP-PbS_ABA lm. This result is in agreement with an increase in the PL intensity ( Fig. 2c) and an increase in V oc (Fig. 3 and Table 2 ) when PbS QDs are incorporated.
The incident photon to current efficiency (IPCE) of solar cells based on HP without and with PbS_ABA is presented in the Fig. S10 . † A similar shape of the IPCE curves was found for both cells. The incident photons were converted efficiently to current in the spectral region of 350 nm to 800 nm. The onset of photocurrent at $800 nm was consistent with the bandgap of MAPI HP and no signicant contribution to photocurrent from PbS was observed.
Conclusions
We show herein a detailed study of the effect of QD capping ligands on the quality of halide perovskite lms obtained through intermixing of a small quantity of PbS QDs during the lm crystallization. PbS QDs with three different capping ligands including MAPI, CsPI and ABA were analyzed. These QDs were added into the precursor solution of HP and hybrid HP-PbS lms were prepared via a one-step spin-coating method. Systematic characterization shows that the presence of PbS QDs increases the grain sizes and decreases the nonradiative recombination of MAPI perovskite. Their presence also increases the preferential orientation along the (110) plane direction and crystallinity of the (110) and (220) HP crystalline planes. Consequently, improvements in the morphological, crystalline and optical properties of HP were obtained. We attribute these improvements to PbS QDs acting as nucleation sites helping in the crystallization process. As a result of the improved perovskite lm quality, the performance of planar solar cells fabricated via low temperature processes, with SnO 2 as the ETL, was enhanced with respect to the reference cells without PbS QDs. In addition, we also observed the dependence of HP lm properties on different PbS capping ligands. The ABA ligand has a higher impact on the morphological properties, while the CsPI ligand has a higher impact on the optical and structural properties. This observation could point to an improved interaction of the perovskite with the organic ligand, ABA, affecting the morphology, while the CsPI ligand likely produces a better electronic passivation at the perovskite-QD interface. The improvement in PECs of HP-PbS based solar cells Dependence of open circuit voltage on light intensity for the champion cells (see Table 2 ) with the architecture FTO/SnO 2 / absorber/spiro-OMeTAD/Au, in which absorber layers were perovskite films without (HP) and with PbS QDs (50 mg ml À1 ) and PbS QDs had the 4-aminobenzoic acid (ABA) ligand. The measurement was done at room temperature.
highlights the importance of PbS QD additives for the development of perovskite optoelectronic devices, an established way to improve the performance through control of the surface properties of QDs using different capping agents.
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